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EXB[AUST SYSTEM THEREFOR 



The present invention relates to a compression ignition engine, such as a diesel engine, 
5 and an exhaust system th^efor. 

Conventional compression ignition engines, such as diesel engines, produce less gaseous 
hydrocarbon (HC) and carbon monoxide (CO) than gasoline engines and it is possible to meet 
present legislated limits for these components using a platinum (Pt)-based diesel oxidation 

10 catalyst (DOC) disposed on a flow through honeycomb monolith. Diesel nitrogen oxide (NOx) 
emissions are presently controlled by engine management, such as exhaust gas recirculation 
(EGR). As a consequence, however, diesel particulate matter (PM) emissions including volatile 
and soluble organic fractions (VOF and SOF respectively) of unbumed hydrocarbons (HC) are 
increased. The DOC is used to treat VOF and SOF in order to meet presentiy legislated limits 

15 forPM. 

However, as emission standards are tightened in forthcoming years, the challenge of the 
skilled engineer is how to meet them. 

20 Devices for treating exhaust gases fix)m compression ignition engines such as diesel 

engines to meet present and future emissions standards include the DOC, the CRT®, catalysed 
soot filters (CSF), NOx traps, lean NOx catalysts (LNC) (also known as hydrocarbon selective 
catalytic reduction (HC-SCR) catalysts or non-selective catalytic reduction (NSCR) catalysts) 
and selective catalytic reduction (SCR) catalysts, i.e. using NOx-specific reactants such as 

25 ammonia or ammonia precursors e.g. urea. 

An illustrative DOC composition for treating CO, HC and a VOF comi>onent of 
particulates in diesel exhaust is disclosed in WO 94/22564, which catalyst comprising ceria and a 
zeolite and optionally aluuMna carrying an optional dispersed metal component of Pt or 
30 palladium (Pd). Alternatively, or additionally, the zeolite is optionally doped, e.g. by ion- 
exchange, with inter alia Pt and/or Pd. 

In our EP 0341832 we disclose a process for combusting diesel particulate deposited on a 
filter in nitrogen dioxide (NO2) at up to 400^C, which NO2 is obtained by oxidising nitrogen 
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monoxide (NO) in the exhaust gas over a suitable catalyst disposed upstream of the filter. The 
NO oxidation catalyst can comprise a platinum group metal (PGM) such as Pt, Pd, rutheniimi 
(Ru), rhodium (Rh) or combmations thereof, particularly Pt The filter can be coated vsdth 
material which facilitates higher temperature combustion such as a base metal catalyst, e.g. 
vanaditun oxide, La/CsA^205 or a precious metal catalyst Such a system is marketed by 
Johnson Matthey as the CRT®. 

WO 00/29726 discloses an apparatus for treatmg an exhaust gas stream, including diesel 
engine exhaust, which apparatus comprising a CSF comprising a first catalyst and a second 
catalyst in conmunication with the first catalyst The first catalyst can comprise at least one first 
PGM including mixtures of PGM components; a first cerium component; and preferably a 
^conium component The second catalyst can comprise a second cerium component and 
optionally at least one second PGM. The second catalyst can be a separate catalytic element or 
part of the filter and is preferably designed for reducmg diesel exhaust particulates emission by 
oxidation of the VOF thereof None of the Examples describe a first or second catalyst 
comprising Pd. 

A method of absorbing NOx fi-om lean intemal combustion engine exhaust gas on a NOx 
absorbent and intermittently reducing the oxygen concentration in the exhaust gas to release the 
absorbed NOx for reduction over a suitable catalyst with a reductant, thereby regenerating the 
NOx absorbent, is disclosed in EP 0560991. 

A problem with such devices is that when the exhaust gas temperature is too low e.g. 
during extensive periods of idling or slow drivmg conditions, the catalysts in the devices are sub- 
optimally active. Consequently, emissions of legislated pollutants such as CO, HC and NOx 
increase and j&lters become loaded wiA PM. For example in the case of NOx traps, the NO 
oxidation catalyst has to be suflBciently hot that it can oxidise NO to NO2 so that the NO2 can be 
absorbed on a suitable NOx absorbent In the use of CSF, the filter can be regenerated actively 
by combusting injected HC fiiel thereon in order to raise the filter temperature to about eOO^'C. 
However, unless the filter is above about ZSO-SOO^'C prior to HC injection, the HC may not be 
combusted on the filter or combustion may be incomplete, thus leading to increased HC and CO 
emissions. 
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Measures for increasing the temperature in a Systran comprising a CRT® and a NOx trap 
are disclosed in EP 0758713. 



A problem with prior art measures for increasing temperature in exhaust systems 
5 comprising DOC, the CRT®, CSF or NOx traps is that generally they result in an increased fuel 
penalty. 

Two ways of reducing diesel emissions, which can be used in addition to exhatist gas 
aftertreatment, are engine management and engine design. More recently, a new generation of 

10 compression engines has been developed which uses a range of engine management techniques 
to lower fbs combustion temperature. Broadly, this new generation of engine can be defined as 
"an engine with compression ignition vy^erein substantially all of the fuel for combustion is 
injected into a combustion chamber prior to the start of combustion*'. An exhaust system for 
treating exhaust gas from such engines is the subject of a related application to the present 

15 application filed on the same date entitled "Process for treating compresaon ignition engine 
exhaust gas" claiming an earliest priority date of 13* September 2002. For the avoidance of 
doubt, the present application does not embrace the new generation of compression ignition 
engines as defined hereinabove. 

20 Our EP 0602865 discloses a catalyst for oxidising CO to CO2 in the exhaust gas of an 

internal combustion engine, which catalyst is composed of metal oxide particles among which 
are uniformly incorporated noble metal particles obtainable e.g. by co-precipitation. The metal 
oxide particles can be CeOi and the noble metal can be one or more of Pt, Pd, Rh and gold (Au). 

25 Our WO 96/39576 discloses an internal combustion emgine, such as a diesel engine, 

comprising an exhaust system comprising inter alia the CO oxidation catalyst disclosed in EP 
0602865 for generating an exotherm from CO oxidation to light-off a HC oxidation catalyst 
following cold start. The engine is configured to produce increased levels of CO in the exhaust 
gas following cold start and the exhaust system preferably includes one or more of the following 

30 features for decreasmg the CO light-off temperature: an HC trap and/or a water ti-ap upstream of 
the CO oxidation catalyst; a water trap downstream of the CO oxidation catalyst; and CO 
catalyst drying means, such as a pump for passing dried ambient air over the CO oxidation 
catalyst prior to start-up. 
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DE 4117364 discloses a catalyst featuring an ancillary catalyst upstream of a main 
catalyst for lighting-ofiF the main catalyst following cold start The main catalyst is a 5Pt/lRh 
three-way catalyst for treating stoichiometric gasoline exhaust gas. The ancillary catalyst is 
preferably Pt "which is outstanding for the oxidation of CO", but can also be the more e3q)exisive 
5Pt/lRh catalyst or Pd but "certainly Pd is less active than Pt". 

JP 5-59937 describes a system for treating start-up exhaust gases from a gasoline engine 
including an HC trap upstream of a catalyst for oxidising CO for heating up a downstream 
exhaust purifying catalyst in a start-up strategy. The CO oxidation catalyst can be 0,5%Pd/Al2O3 
which can be co-existent with the exhaust purifying catalyst, coated on an upstream side of a 
brick having the exhaust purifying catalyst on the downstream end or layered with the exhaust 
purifying catalyst Engine management provides 6% peak CO at cold start falling to 1% CO 
after 20 seconds, but optionally can be kept at 3% CO until the exhaust purifying catalyst has 
warmed up, as necessary. 

By "metal" herein, we mean the oxidic compoimd existing in the presence of the 
constituents of exhaust gas, although in use they may be present as the nitrate, carbonate or 
hydroxide. 

We have investigated Pd catalysts for CO oxidation and have found that Pd catalysts are 
at least of zero order kinetics for CO for the reaction, i,e. the rate of reaction stays the same 
regardless of the CO concentration. We have also found fliat for certain promoted and supported 
Pd catalysts, the rate of reaction is first order for CO, i.e. the more CO, the faster the rate of 
reaction. By contrast, a widely used PGM m DOCs, platinum (Pt), can be negative order in CO, 
i.e. the more CO, the lower the reaction rate. 

Furthermore, in tests we have foimd that our supported and promoted Pd catalysts can be 
better than Pt at catalysing the oxidation of certain saturated HCs. 

We have now found a way of utilising our observations in an exhaust system of a 
compression ignition engine, such as a diesel engine, to further reduce overall emissions. 

According to one aspect, the invention provides a compression ignition engine operable 
in a first, normal running mode and a second mode producing exhaust gas comprising an 



wo 2004/025093 



PCT/GB2003/004002 



5 



increased level of carbon monoxide (CO) relative to the first mode and means when in use to 
switch engine operation between the two modes, which engine comprismg an exhaust system 
comprising a supported palladium (Pd) catalyst associated with at least one base metal promoter 
and an optionally supported platinum (Pt) catalyst associated with and/or downstream of the Pd 
catalyst wherein CO is oxidised by the supported Pd catalyst during second mode operation. 

An advantage of the present invention is that we have found that an exhaust system 
comprising both Pt and Pd is more effective at treating saturated and unsaturated HCs during 
normal running conditions, i.e. at exhaust gas temperatures wherein the Pt and/or Pd catalyst is 
above the Ught-off temperature for HC oxidation. Furthermore, when the temperature of the Pt 
catalyst is below its light-off temperature for catalysing the oxidation of HC. e.g. below about 
250''C, the concentration of CO in the exhaust gas can be increased by switching to second mode 
operation so that an exotherm developed over the Pd catalyst can heat the Pt catalyst to above its 
HC light-off temperature. Indeed we believe that our results show a synergistic relationship 
exists in the combmed use of Pd and Pt catalysts for treatmg compression ignition exhaust gases 
according to the present invention. 

According to one embodiment, the engine is configured to produce >2000ppm CO, such 
as >2500-10000ppm CO e.g. >3000ppm CO, >4000ppm CO, >5000ppm CO, >6000ppm CO, 
>7000ppm CO, >8000ppm CO or >9000ppm CO, when running in the second mode. 

Second mode running can be done in conventional dkect injection diesel engines by 
injecting HC into the exhaust gas downstream of the engine and upstream of a partial oxidation 
e.g. ceria-, nickel- or Rh-based catalyst; adjusting the ignition tumng of at least one engine 
cylinder; and/or adjusting the engine air-to-fuel ratio of at least one engine cylinder. Such 
techniques are known for intermittently controlling engine exhaust gas composition to the 
lambda < 1 side for regenerating NOx absorbers during normal lean ru nning operation. In 
addition to increasing CO in the exhaust gas by combusting additional HC, unbumed HC content 
in the exhaust gas can also increase. However, we understand that engine management 
techniques enable the skilled engineer to increase CO in the exhaust gas without substantially 
increasing the amount of unbumed HC in the exhaust gas. CO content of the exhaust gas in the 
second mode condition can be modulated according to exotherm requirement by suitable engine 
control using methods known in the art, suitably programmed into a processor e.g. a central 
processor unit (CPU) and formmg part of the engine control unit (ECU). 
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In one embodiment; the means for SAvitching between the two modes switches between 
the first mode and the second mode when the Pt catalyst is <250°C, e,g. less than 200°C or less 
than 150*^0. 

5 

Switching to second mode r unning can be done intermittently to provide a "spike" 
concentration of CO. In certain embodiments, e.g. embodiments comprising a filter, it may be 
desirable to switch to second mode running "a little and often" to ensure filter regeneration. One 
such strategy can comprise switching to second mode running for between 10 seconds to 10 
10 minutes, which period comprising a series of pulses of increased CO in the exhaust gas of firom 
250 milliseconds to 5 seconds in duration. Such a strategy prevents or reduces driveability 
issues. 

The switching means can be controlled in response to exhaust gas or catalyst bed 
15 temperature. Alternatively, or in addition, it can be controlled in response to at least one 
measurable parameter indicative of the condition of the engine, such as: mass, flow.of exhaust 
gas in the system; manifold vacuum; ignition timing; engine speed; throttle position (accelerator 
position); the lambda value of the exhaust gas; the quantity of fuel injected in the engine; the 
position of the exhaust gas recirculation (EGR) valve and thereby the amount of EGR; boost 
20 pressure; and engine coolant temperature. Sensors for measuring all these parameters are known 
to the skilled person. 

It is known that present diesel engines can produce exhaust gas comprising >2000 ppm 
CO under certain operating conditions, e.g. at cold start as part of a warm-up strategy or 
25 following hard acceleration. For the avoidance of doubt, the second mode of the present 
invention does not embrace an engine mode that is part of a start-up strategy or accidental i.e. 
unintentional increases in exhaust gas CO concentration caused e.g. by hard acceleration. 

Furthermore, the range >2000 ppm CO is not chosen arbitrarily, but because we have 
30 foxmd that in exhaust gases firom compression ignition engines, such as diesel engines, this range 
approximates an interface between the rate of CO oxidation over the promoted and supported Pd 
catalysts of the present invention and conventional Pt catalysts. 
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In one embodiment, the exhaust system comprises a catalytic converter comprising a &st 
substrate, which first substrate comprising the supported Pd and the associated at least one base 
metal promoter. In one embodunent comprismg a first substrate, the supported Pd and the 
associated at least one base metal promoter are disposed on an vpstream part of the substrate and 
the Pt catalyst on a downstream part thereof. In another embodiment, tiie first substrate 
comprises a first layer comprising the Pt catalyst and a second layer overlying the first layer, 
which second layer comprising the supported Pd and the associated at least one base metal 
promoter. According to a further embodiment, the first substrate is coated with a single 
washcoat layer, which layer comprising the supported Pd, the associated at least one base metal 
promoter and the Pt catalyst, wherein the Pd catalyst and the Pt catalyst are each supported on a 
separate and distinct particulate support material. Alternatively, the Pd catalyst and the Pt 
catalyst can be disposed on the same support 

In an alternative onbodiment also comprising a first substrate, tiie catalytic converter 
comprises a second substrate downstream of the first substrate, which second substrate 
comprising the Pt catalyst. 

The catalytic converter can comprise a conventional substrate, such as a ceramic, e.g. 
cordierite, or metal, e.g. Fecralloy™, flow through honeycomb. Alternatively, the first substrate, 
where present, the second substrate or the first and second substrates comprise a particxilate 
filter, wherein where the first and second substrates are different, the non-filter substrate can be 
e.g. a flow through honeycomb substrate. The catalyst can be coated on a downstream end of a 
filter if desired. 

Embodiments comprising filters comprise the CRT®, CSF and four-way catalyst (FWC) 
(see below). 

At temperatures above about 250''C, NO is oxidised to NO2 and the PM is combusted in 
the NO2 at temperatures of up to about 400"'C. This process is described m our EP 0341832. 
However, at low temperatures, the Pt can be below its Ught-off temperature for NO oxidation 
and so the performance of the process disclosed in EP 0341832 can be slower than desured 
because there is insufficient NO2 in the exhaust gas entering the filter. When the exhaust gas 
temperature is below a temperature at which NO is oxidised to NO2 effectively to regenerate the 
filter, an exotherm can be generated by combusting the CO produced during second mode 
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running over the Pd catalyst, thus heating an associated Pt catalyst to above the NO light-off 
temperature and promoting tilie combustion of soot on the filter in NO2. We have found that in 
order to retain optimum NO oxidation capability, the formation of Pt/Pd alloys should be 
prevented. Accordingly, it is preferred to dispose the Pt and the Pd on different supports. In the 
CRT® embodiment, the filter can be catalysed e.g. with a La/CWaOs catalysts or a noble metal, 
or be imcatalysed. 

In an embodiment comprising a CSF, the Pt catalyst can be on the filter and the Pd 
catalyst and optionally also a Pt catalyst can be disposed on a first substrate, e.g. a flow through 
monolith, upstream of the filter. Alternatively, the Pd and the Pt catalysts can be on the filter, 
optionally the Pd disposed on the inlet end thereof, hitennittent switching to second mode 
running can provide a readily available exotherm to regenerate the filter. 

In a further embodiment, the exhaust system comprises a catalyst for catalysing tiie 
selective catalytic reduction (SCR) of NO, with at least one NOx-specific reactant disposed 
downstream of the supported Pd catalyst Switching between first and second mode ranning, 
thereby to promote an exotherm for heating the SCR catalyst downstream, can be done in order 
to maintain the SCR catalyst at or around its optimum temperature range for NO, reduction. 

The SCR catalyst can comprise the Pt catalyst. Alternatively the SCR catalyst can be 
vanadium-based, e.g. V205/Ti02; or a zeolite, e.g. ZSM-5, mordenite, gamma-zeolite or beta- 
zeolite. The zeolite can comprise at least one metal selected fi-om the group consisting of Cu, 
Ce, Fe and Pt, which metal can be ion-exchanged or impregnated on the zeolite. 

In order to provide a suitable source of reductant, the exhaust system can comprise means 
for introducing at least one NOx-specific reactant, such as a nitrogenous compound, for example 
a nitrogen hydride, ammonia, an ammonia precursor, e.g. urea, ammonium carbamate and 
hydrazine, into the exhaust system upstream of the SCR catalyst 

In a further embodiment, exotherm production over the Pd catalyst fi-om switching to 
second mode running can be used to heat a downstream catalyst for catalysmg the reduction of 
NOx with at least one nonrselective reactant, such as H2 or at least one HC reductant. In one 
embodiment, the NOx reduction catalyst can comprise the Pt catalyst. 
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According to a further embodiment, the exhaust system, the first substrate, where present, 
the second substrate or the first and second substrates comprise a NOx absorber for absorbing 
NOx in lambda > 1 exhaust gas. Such a device is generaUy used in combination with periodic 
air-fiiel ratio enrichment during normal lean running conditions in order intermittently to 
regenerate the NOx absorber and reduce the NOx to Nj. NOx absorbers for use in such 
appUcations typically comprise at least one alkaU metal, at least one alkalme earth metal, at least 
one rare earth metal or any two or more thereof, wherem the at least one alkali metal is e.g. 
potassium or caesium; the at least one alkaline earth metal can be selected fit)m calcium, barium 
or strontium; and the at least one rare earth metal can be lanthanum or yttrium, as described m 
EP 0560991. 

Jn order effectively to absorb NOx in the exhaust gas in the NOx absorber, it is generally 
understood that NO in the exhaust gas should first be oxidised to NO2. Such oxidation can be 
performed by the Pt and Pd catalysts. In the present embodhnent, the Pd catalyst can be on or 
upstream of a flow through substrate comprising the NOx absorber. The Pt catalyst can be with 
the Pd catalyst and/or downstream of it However, for similar reasons to those mentioned above, 
to prevent any reduction in NO oxidation activity it is preferred to support the Pd and Pt catalysts 
on separate supports. In a particular embodiment, the NOx absorber includes both Pt and Rh, the 
latter for catalysing NOx reduction to N2, although the Rh can be disposed downstream of the 
NOx absorber. 

In order to regenerate a NO, absorber, typically O2 composition in the exhaust gas is 
about 3%. NOx absorber regeneration is limited to bed temperatures of above about 200*'C, 
because HC combustion is limited in the low O2 concentration. By switching to second mode 
running, it is possible to increase the bed temperature in the NO, absorber to enable it to be 
regenerated normally. 

It will be appreciated that alkaline earth metals and rare earth metals (such as a support 
impregnated with Ce) are sometimes used in the art of NOx absorbers as a NOx absorbent, 
whereas it is used in the present invention as a promoter for the Pd catalyst. For the avoidance of 
doubt therefore, in embodiments utiUsing NOx absorbents we make no claim to alkaline earth 
metal, praseodymium, lanthanum or impregnated cerium as a promoter where the Pd is 
associated with e.g. on the same flow through monoUth as the NOx absorber. Of course, there is 
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c 

no accidental anticipation wherein these promoters are associated with the Pd disposed upstream 
of the intended NOx absorber composition- 

In a further embodiment known as a FWC, the exhaust system comprises a filter for PM 
comprising a NOx absorber for absorbmg NOx in lambda > 1 exhaust gas and the Pt catalyst and 
optionally also the Pd catalyst Of course, in addition, flie Pd catalyst and optionally a Pt catalyst 
can be disposed upstream of the jaiter for producing an exotherm thereby to regenerate the filter 
and the NOx absorber, the latter in combination with appropriate air-fuel ratio modxilation. In a 
particular embodiment, the NOx absorber includes both Pt and Rh, the latter for catalysing NOx 
reduction to N2, although the Rh can be disposed downstream of the NOx absorber. 

The exotherm generated over the Pd catalyst can be used also to de-sulphate exhaust gas 
tieatment components in ah exhaust system such as a diesel oxidation catalyst or a NOx absorber. 
Alternative uses are to de-coke exhaust system components such as an exhaust gas recirculation 
valve or a downstream catalyst 

Where the engine according to the invention includes an exhaust gas recirculation valve 
and a circuit to recirculate a selected portion of the exhaust gas to the engine air intake, desirably 
the exhaust gas is cooled prior to mixing with the engine intake air. 

The at least one base metal promoter for the Pd catalytic component can be a reducible 
oxide or a basic metal or any mixture of any two or. more thereof. Illustrative examples of 
reducible oxides are at least one of manganese, iron, tin, copper, cobalt and ceriimi, such as at 
least one of Mn02, MniOa, FeiOs, SnOa, CuO, CoO and CeOi. The reducible oxide can be 
di^ersed on a suitable support and/or the support per se can comprise particulate bulk reducible 
oxide. An advantage of Ce02 is that it is relatively thermally stable, but it is susceptible to sulfur 
poisoning. Manganese oxides are not as thermally stable, but they are more resistant to sulfur 
poisoning- Manganese oxide thermal stability can be improved by combining it in a composite 
oxide or mixed oxide with a stabiliser, such as zircommn. To some extent, ceria can be made 
more sulfur tolerant by forming a composite oxide or a mixed oxide with a suitable stabiliser, 
such as zirconium. 
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By "reducible oxide" herein, we mean that an oxide is present in situ wherein the metal 
has more than one oxidation state. In manufacture, the metal can be introduced as a non-oxide 
compound and oxidised by calcinations to the reducible oxide. 

The basic metal can be an alkali metal, e.g. potassium, sodium or caesium, an alkaline 
earth metal, such as barium, magnesium, calcium or strontium, or a lanthanide metal, e.g. 
cerium, praseodymium or lanthanum, or any mixture, composite oxide or mixed oxide of any 
two or more thereof. In systems comprising two or more basic metal promoters, it is desirable to 
prevent interaction between the basic metals. Accordingly, it is preferred that no more than 
3wt% of the Pd catalyst comprises basic metal promoter. 

In one embodiment, the basic metal is ceria, and the Pd is supported on particulate ceria, 
i.e. the particulate ceria serves as the Pd support and promoter. 

Alternatively, the support for the or each PGM can be any conventional support known in 
the art such as alumina, magnesia, silica-alumina, titania, zirconia, a zeolite or a mixture, 
composite oxide or mixed oxide of any two or more thereof, and can be doped, as conventional 
in the art, with a basic metal. Non-limiting examples of the basic metal dopants are zirconium, 
lanthanum, alumina, yttrium, praseodymium, cerium, barium and neodymium. The support can 
be, for example, lanthanum-stabilised alumina, or a composite oxide or a mixed oxide 
comprising ceria and zirconia, optionally in a weight ratio of from 5:95 to 95:5, 

"Composite oxide" as defined herein means a largely amorphous oxide material 
comprising oxides of at least two elements which are not true mixed oxides consisting of the at 
least two elements. 

Sviitable mixed oxides and composite oxides for the present invention may be prepared 
by conventional means, namely co-precipitation. For example, solutions of soluble salts of the 
metals may be mixed in the appropriate concentrations and amoimts to yield the desired end 
product, then caused to precipitate concurrently, for example by adding a base such as 
ammonium hydroxide. Altematively, other preparative routes utilising generally known 
technology, such as sol/gel or gel precipitation, have been found suitable. The precipitated 
oxides as slurries may be filtered, washed to remove residual ions, dried, then fired or calcined at 
elevated temperatures (>450'*C) in ah:. 
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A 85Mii:15Zr composite oxide material can be prepared as follows. Manganese nitrate 
(121.76g, 0.425mol) and aluminium nitrate (28.14g, 0.075mol) are dissolved in demineralised 
water to give 400ml of solution. This solution was added carefidly over two minutes to an 
5 overhead stirred aimnonia solution (150ml, 2.25mol diluted to 500ml). The precipitate slurry 
was stirred for five minutes and then allowed to 'age' for thirty minutes. The precipitate was 
recovered by filtration and washed until the conductivity of the filtrate was 1500|j,Scm"^ The 
material was dried at lOO^'C and then fired at SSO^'C for two hours (ramp up and down 
lO'^C/min). . 

10 

The catalyst can contain firom 0.1 to 30% by weight of PGM based on the total weight of 
the catalyst In one embodiment, the catalyst contains a weight ratio of firom 95:5 to 10:90 Pd:Pt. 
In a further embodiment, the catalyst contains from 0.1 to 10% Pt by weight based on the total 
weight of the catalyst and from 0.1 to 20% by weight based on the total weight of the catalyst. 
15 According to a further embodiment, the exhaust system comprises firom 30-300g/fl^ Pd and fix>m 
30-300g/fl^-Pt. 

According to a further sispect, the invention provides a vehicle including a diesel engine 
according to the invention. The vehicle can be, for example, a light duty diesel vehicle as 
20 defined by relevant legislation. 

According to a further aspect, the invention provides a process for operating a 
compression ignition engine comprising an exhaust system comprising a supported palladium 
(Pd) catalyst associated with at least one base metal promoter and an optionally supported 

25 platinum (Pt) catalyst associated with and/or downstream of the Pd catalyst, which process 
comprising nmning the engine in a first, normal running mode and switching the engine to a 
second running mode producing exhaust gas comprising an increased level of carbon monoxide 
(CO) relative to the first mode wherein the CO is oxidised by the supported Pd catalyst during 
second mode operation, which switching step being effected when a value of at least one 

30 measurable parameter indicative of a condition of the engine is within outside a pre-determined 
range. 

According to another aspect, the invention provides a method of increasing the rate of a 
reaction catalysed by an optionally supported platinimi (Pt) catalyst in an exhaust gas of a 



wo 2004/025093 PCT/GB2003/004002 

13 

compression ignition engine, which method comprising the st^ of increasing the level of carbon 
monoxide (CO) in the exhaust gas and creating an exoflierm to heat the Pt catalyst by oxidising 
the CO over a supported palladium (Pd) catalyst associated with at least one base metal 
promoter, wherein Ihe optionally supported Pt catalyst is associated with and/or downstream of 
5 the Pd catalyst. 

In order tiiat the invention may be more fully undarstood reference is made to the 
following Examples by way of illustration only. All temperatures given refer to inlet gas 
temperatures. 

10 

EXAMPLE 1 

A 2wt% Pt-alumina-based catalyst (Catalyst A), a 2wt% Pd-alumina-based catalyst 
(Catalyst B), and a 2wt% Pd-ceria-containing catalyst (Catalyst C) were tested for HC and CO 
15 Ught-off in a simulated catalyst activity test (SCAT) gas rig. A sample of each catalyst was 
tested in the flowing gas mixtures set out in Table 1. The temperature of the gas mixtures used 
was increased during each test from 1 OO^C to SOO'C. 



Table 1: Gas mixtures used for activity tests for Catalysts A, B, and C 





Gas 

Mixture 1 


Gas 

Mixture2 


Gas 

Mixtare3 


Gas 

Mixture 4 


ppmHC(Cl)as 
propene 


600 


900 


3000 


3000 


ppm CO 


200 


600 


25000 


25000 


ppmNO 


200 


200 


200 


200 


%H20 


4.5 


4.5 


4.5 


4.5 


%02 


12 


12 


12 


3 


% CO2 


4.5 


4.5 


4.5 


4.5 


ppm SO2 


20 


20 


20 


20 


N2 


Balance 


Balance 


Balance 


Balance 


Flow Rate 

(litres/hour/g 

sample) 


300 


300 


300 


300 


Ramp Rate 
CC/min) 


10 


10 


10 


10 



20 

Gas mixtures 1 and 2 have HC and CO gas concentrations as typical of exhaust gases 
from a conventionally operated Diesel engine. Gas mixture 3 has higher HC and CO 
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concentrations than gas mixtures 1 and 2 and gas mixture 4 has a lower oxygen concentration 
than used in gas n^xtures 1 to 3. Tables 2 and 3 show the temperature at which 80% oxidation 
conversion of HC and CO was achieved over each catalyst. 

Table 2: Temperature for 80% conversion (T80 HC/CO) of Catalysts A, B and C in gas 
mixtures 1-3. 



TSOHC/COCQ 


Gas 


Gas 


Gas 




Mixture 1 


Mixture! 


Mixture 3 


Catalyst A 


170/<110 


158/114 


185/183 


Catalysts 


264/265 


253/247 


205/203 


Catalyst C 


231/164 


226/170 


<110/<110 



Catalyst A showed significantly higher activity than Catalyst B or C at lower 
temperatures for both HC and CO oxidation using the gas mixtures 1 and 2, but showed a loss in 
low temperature oxidation activity in the high HC and CO gas mixture 3. In contrast to the loss 
in activity in high HC, CO gas feeds for Catalyst A, Catalyst B showed a small improvement in 
low temperature oxidation activity from gas mixture 1 or 2 to gas mixture 3. However, despite 
the improved low temperature activity of Catalyst B for the higher HC and CO gas feed 
conditions, overall the activity of Catalyst B was poorer than that of Catalyst A. By contrast. 
Catalyst C showed lower activity under gas mixtures 1 and 2 relative to Catalyst A. However, in 
contrast to Catalyst A and Catalyst B, Catalyst C showed the highest activity for HC and CO 
oxidation at low temperatures under the high HC and CO gas concentration mixture 3. 

Table 3 shows that the low temperature CO activity of Catalyst A was further decreased 
in gas mixture 4, consisting of 3% oxygen, compared to the activity measured in gas mixture 3, 
which included 12% oxygen. In contrast, the activity of Catalyst B was slightly improved in gas 
mixture 4 compared to gas mixture 3. The low temperature oxidation activity of Catalyst C 
remained very high in both gas mixtures 3 and 4. The data show that Pd is more active in 
presence of CO than PL 

Table 3: Temperature for 80% conversion (T80-CO) of Catalysts A, B and C in gas 
mixtures 3 and 4. 



T80 CO (°C) 


Mixtures 


Mixture 4 


Catalyst A 


183 


239 


Catalyst B 


203 


197 


Catalyst C 


<110 


<110 
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EXAMPLE 2 

In another series of activity tests. Catalyst D (lwt% Pt-alumina-based), and Catalyst E 
(4wt% Pd-ceria-based), were tested for HC and CO light-off in a SCAT gas rig using the gas 
5 mixtures set out in Table 4, and the temperature of the gas passed over each sample was 
increased during each test from 100**C to SOO^C. 



Table 4: Gas mixtures used for activity tests of Catatysts D and E. 





Gas 

Mixtures 


Gas 

Mixture 6 


Gas 

Mixture 7 


Gas 

Mixtures 


Gas 

Mixtare9 


ppmHC(Cl) 
as toluene 


600 


600 


600 


600 


600 


ppmCO 


200 


950 


2000 


10000 


25000 


ppmNO 


200 


200 


200 


200 


200 


% H2O 


4.5 


4.5 


4.5 


4.5 


4.5 


%02 


12 


12 


12 


12 


12 


% CO2 


4.5 


4.5 


4.5 


4.5 


4.5 


ppm SO2 


20 


20 


20 


20 


20 


N2 


Balance 


Balance 


Balance 


Balance 


Balance 


Flow Rate 

(litres/hour/g 

sample) 


300 


300 


300 


300 


300 


Ramp Rate 
(°C/min) 


10 


10 


10 


10 


10 



10 For each gas mixture from 5 to 9, the CO concentration was progressively increased and 

the remaining gases were kept constant with a nitrogen balance. Table 5 shows the effect of CO 
concentration on the HC and CO light-off of the catalysts. 

Table 5: Temperature for 80% conversion (T80-HC/CO) of Catalysts D and E in gas 
15 mixtures 5-9. 



T80 HC/ 
COCO 


Gas 

Mixtures 


Gas 

Mixture6 


Gas 

Mixture? 


Gas 

Mixtures 


Gas 

M££ture9 


Catalyst D 


188/112 


192/158 


194/185 


212/210 


231/217 


Catalyst E 


259/135 


256/130 


175/<110 


<110/<110 


<110/<110 



Catalyst D showed a loss in low temperature activity as the CO concentration was 
progressively increased, whereas Catalyst E showed improved low temperature activity with 
higher CO gas feeds. We mfer that the loss in activity for Catalyst D is because of self- 
20 poisoning of the active sites on the catalyst. It is well known that the strong adsorption of CO on 
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the Pt active sites may block the adsorption of oxygen necessary for the oxidative reaction to 
form CO2- Catalyst E does not show this self-poisoning behavioinr, and the activity of this 
catalyst to oxidise CO in higher CO concentrations is significantly improved over Catalysts A 
andD« 

5 

EXAMPLES 

Further SCAT rigs tests on Catalyst D (lwt% Pt-alumina-based) and Catalyst E (4wt% 
Pd-ceria-based) were carried out using the gas mixtures with 25000ppm CO and two different 
10 HC concentrations (using either propene or toluene). A sample of each catalyst was placed in 
the gas mixtures shown in Table 6, and the temperature of the gas was increased from lOO^C to 
500°C. The concentration of HC (as CI) was increased from 600ppm to SOOOppm using either 
propene or toluene as the HC species. The activity of the catalysts tested is given in Table 7. 

IS Table 6: Gas mixtures used for activify tests on Catalyst A and Catalyst C« 





Gas 

Mixture 10 


Gas 

Mixture 11 


Gas 

Mixture 12 


Gas 

Mixture 13 


ppmHC(Cl) 

as propene 


600 


3000 


0 


0 


ppmHC(Cl) 
as toluene 


0 


0 


600 


3000 


ppmCO 


25000 


25000 


25000 


25000 


ppmNO 


200 


200 


200 


200 


% H2O 


4.5 


4.5 


4.5 


4.5 


% O2 


12 


12 


12 


12 


% CO2 


4.5 


4.5 


4.5 


4.5 


ppm SO2 


20 


20 


20 


20 


N2 


Balance 


Balance 


Balance 


Balance 


Flow Rate 

(lities/hour/g 

sample) 


300 


300 


300 


300 


Ramp Rate 
Camin) 


10 


10 


10 


10 



Table 7: Temperature for 80% conversion (T80-CO/HQ of catalysts D and E in gas 



mixtures 10-13. 



T80 HC/CO 
CCi 


Gas 

Mixture 10 


Gas 

AGxturell 


Gas 

Mixture 12 


Gas 

Mixture 13 


Catalyst D 


186/184 


218/218 


231/217 


230/231 


Catab'st E 


<110/<110 


<110/<110 


<110/<110 


<110/<110 
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For gas mixtures 10 and 12 (containing 25000ppm CO, 600ppm HC), Catalyst E showed 
the highest activity for HC and CO light-off. The light-off activity of Catalyst D deteriorated in 
gas mixtures 11 and 13 (containing 25000ppm CO, SOOOppm HC) relative to the activity found 
for gas mixtures 10 or 12. The activity of Catalyst E in all the gas mixtures used remained 
5 higher than that of Catalyst D. 

EXAMPLE 4 

Further SCAT rig tests on Catalyst A, Catalyst B, and Catalyst C were carried out using 
10 gas mixtures with lOOOOppm CO and four different HC concentrations (using propene). A 
sample of each catalyst was tested in the gas mixtures in Table 8, and the temperature of the gas 
was increased from 100°C to 500°C. The concentration of HC (as CI) was increased from 
600ppm to 4500ppm (propene). The activity of the catalysts is shown in Table 9. 

15 Table 8: Gas mixtures used for activity tests of Catalysts A, B and Catalyst €• 





Gas 

Mixture 14 


Gas 

Mixture 15 


Gas 

Mixture 16 


Gas 

Mixture 17 


ppm HC (CI) 
as propene 


600 


1800 


3000 


4500 


ppm CO 


10000 


10000 


10000 


10000 


ppm NO 


200 


200 


200 


200 


% H2O 


4.5 


4.5 


4.5 


4.5 


%02 


12 


12 


12 


12 


% C02 


4.5 


4.5 


4.5 


4.5 


ppm SO2 


20 


20 


20 


20 


N2 


Balance 


Balance 


Balance 


Balance 


Flow Rate 

(litres/hoxir/g 

sample) 


300 


300 


300 


300 


Ramp Rate 
C»C/min) 


10 


10 


10 


10 



Table 9: Temperature for 80% conversion (T80-CO/HC) of Catalysts A, B and C in gas 
mixtures 14-17. 





Catalyst A 




Catalyst B 


Catalyst C 


ppm 










COTso 


CsHeTso 


COTso CsBkTso 


COTso C3H6T50 


600 


159 


156 


169 176 


121 <110 


1800 


159 


165 


179 177 


130 134 


3000 


161 


162 


179 177 


136 135 


4500 


161 


170 


180 179 


133 142 
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Catalyst C exhibits the highest activity for HC and CO oxidation in the gas feed that 
contained 600ppm HC. Catalyst B had the poorest activity. Increased levels of HC caused a 
slight drop in catalyst activity, but even at the highest HC levels Catalyst C had much lower 
5 temperature activity for oxidation Ught-ofif compared to Catalysts A and B. 

EXAMPLES 

A further series of SCAT tests with Catalyst C (2wt% Pd-ceria), Catalyst F (2.5 wt% Pt- 
10 alumina-based) and Catalyst G (1.25wt% Pt/lwt% Pd - which is a mixture of Catalyst C and 
Catalyst F) were conducted using gas naixtures with 1% CO and three different HC species at 
lOOOppm (C3) concentration. The test procedure was as described previously and the gas 
mixtures are shown in Table 10, The activity of the catalysts tested is given in Table 11. 

1 5 Table 10: Gas mixtures used for activity tests on Catalysts C, F & G. 





Gas Mixture 18 


Gas Mixture 19 


Gas Mixture 20 


ppmHC (C3) 
as propene 


1000 


0 


0 


as ethene 


0 


1000 


0 


as ethaae 


0 


0 


1000 


ppm CO 


10,000 


10,000 


10,000 


ppm NO 


200 


200 


200 


%H20 


4.5 


4.5 


4.5 


%02 


12 


12 


12 


%C02 


4.5 


4.5 


4.5 


ppm SO2 


20 


20 


20 


N2 


Balance 


Balance 


Balance 


Flow Rate 

(litres/hovir/g sample) 


300 


300 


300 


Ramp Rate 

Cc/min) 


10 


10 


10 



Table 11: Temperature for 80% and 50% conversion (COyHQ of Catalysts C, F, and G in 
gas mixtures 18, 19 and 20. 



HC 
Species 


Catalyst C 


Catalyst F 


Catalyst G 


COtso 


HCtso 


COtso 


HCtso 


COtso 


HCtso 


C3H6 


136 


135 


161 


162 


137 


139 


C2H4 


<110 


186 


160 


167 


129 


127 


C2H6 


<110 


367 


159 


301 


137 


303 
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Whilst Catalyst C remains highly effective for CO oxidation at low temperature. Catalyst 
F remains more effective for small chain HC oxidation except for propene. The mixed system 
Catalyst G showed good CO activity with not dissimilar activity to Catalyst C. Catalyst G 
showed equivalent propene light off to Catalyst C and considerably lower light off for ethene and 
5 efliane, demonstrating the strong synergistic effect achieved by combining both catalyst 
formulations. 

EXAMPLE6 

10 The effect of other metal supports was assessed for comparison with Catalyst A (2wt% 

Pd - AI2 O3) and Catalyst C (2wt% Pd-Ce) in gas mbcture 3 (high CO and HC concentrations) 
and gas mixture 21 Qow CO and HC concentrations). Additional catalysts evaluated were 
Catalyst H (2wt% Pd-Mn Oxide), Catalyst I (2wt% Pd-Mh:Zr [85.15]) and Catalyst J (2 wt% Pd 
- 20% Ba/MiOs). The test procedure was as before and gas nuxtures are shown in Table 12, 

1 5 with catalyst activity summarised in Table 1 3 . 



Table 12: Gas mixtures used for activity tests on Catalyst A, C, H, I, and J. 





Gas Mixture 21 


Gas Mixture 3 


ppmHC (CI) as propene 


900 


3000 


ppm CO 


1000 


25000 


ppm NO 


200 


200 


% H2O 


4.5 


4.5 


%02 


12 


12 


% CO2 


4.5 


4.5 


ppm SO2 


20 


20 


N2 


Balance 


Balance 


Flow Rate (litres/hoiir/g 
sample) 


300 


300 


Ramp Rate (**C/min) 


10 


10 



Table 13: Temperature for 80% and 50% conversion (CO/HC) of Cata|)rsts A, C, H, I and 
20 J in gas mixtures 3 and 21. 



Catalyst 


Gas Mixture 21 


Gas Ml 


xture3 


COTgo 


HCTsD 


COTso 


HCTso 


A 


230 


230 


183 


176 


C 


175 


200 


<110 


<110 


H 


<110 


159 


<110 


<110 


I 


152 


189 


<110 


<110 


J 


202 


211 


167 


160 
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Both Mn containing catalysts H and I sliow equivalent perfonnance to Catalyst C with 
high CO concentrations but also lower light off with low CO concentrations. Addition of Ba 
(Catalyst J) shows improved performance with high CO compared to low CO concentration and 
has superior activity compared to Catalyst A. 

5 

EXAMPLE? 

A L9 litre, common rail, direct mjection, turbo charged, diesel vehicle certified for 
European Stage 3 legislative requirements, and fuelled with < 1 Oppm sulphur-containing diesel 
10 fuel, was fitted with ceramic supported catalysts 4.66in (118mm) diameter and 6in (152mm) 
long. Catalyst K was coated with platinum catalyst at 140g ft'^ (4.85g litre"^) and Catalyst L was 
coated with platinum catalyst at 70 gfl'^ (2.43g litre'^) and palladium-ceria catalyst at a palladiuin 
loading of 70 gft"^ (2.43g litre'^). Before testing, the catalysts were aged for 5 hours at 700^C. 

15 The engine exhaust emissions were modified to reproduce a range of exhaust gas 

conditions. These variations were achieved by allowing one or more of the following parameters 
to be changed: EGR rate, pilot injection timing and quantity of fuel injected, main injection 
timing, common rail fuel pressure and boost pressure of the turbo charger. With these 
calibration changes it was possible to increase HC and CO levels from the engine. 

20 

Both catalysts were evaluated in the European three test cycle with the standard 
production calibration (Base). They were then evaluated with a calibration which produced CO 
emissions three times higher than the base calibration. Table l4 summarises the results for both 
catalysts with both calibrations. 

25 



Table 14: Results (g/km) with Catalyst A and B for both calibrations. 





g/km 


Catalyst K(Pt) 


Catalyst L(Pt + Pd) 


Base Calibration 


Engiiie Out HC 


0.19 


0.21 


Engine Out CO 


1.43 


1.42 


Engine Out NOx 


0.38 


0.38 


Tailpipe HC 


0.014 


0.009 


Tailpipe CO 


0.042 


0.041 
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Tailpipe NOx 


0.37 


0.38 




Engine Out HC 


0.39 


0.39 




Engine Out CO 


4.55 


4.28 


High CO 


Engine Out NOx 


0.72 


0.78 


Calibration 


Tailpipe HC 


0.122 


0.08 




Tailpipe CO 


1.58 


0.398 




Tailpipe NOx 


0.73 


0.77 



From Table 14 it can be seen that with the Base Calibration the catalysts have very 
similar performance with regard to CO removal. With the high CO calibration the Catalyst L has 
much lower tailpipe HC and CO emissions than Catalyst K. 

5 

The method iised to increase the CO emissions from the engine also resulted in a 
noticeable increase in NOx. This would not occur in the type of engine designed specifically to 
operate under conditions which would result in these high CO emissions. However, the resvilts 
show that the oxidation performance of both catalysts is independent of NOx concentration. 
10 Therefore, using a constant concentration of 200ppm NOx in the synthetic gas test had no 
influence on the results obtained for HC and CO oxidation. 



